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Abstract  –  This paper presents our observation of the abnormal Doppler effect inside a reconfigurable 
balanced transmission line, which has zero index at the balanced frequency. By applying a digital signal 
controller, a moving reflective interface is built inside this transmission line. The normal, inverse and zero 





The Doppler effect is the shift of wave frequency when there is a relative movement between the source and 
observer, due to the change of the successive distance between the wave fronts. It has been well established in 
normal materials (Double positive materials, DPG) and has many applications in astronomy, radar and 
metrology. With the development of metamaterials [1-3], the inverse Doppler effect has also attracted avid 
interest in double negative metamaterials (DNG), that is, the frequency will increase when the source is leaving 
away from the detector while decrease when it is moving towards the detector [4-6].  
Inspired by the recent research on the zero-index metamaterials (ZIM) [7], here comes the idea to study the 
Doppler effect in the zero-index metamaterials. The wave amplitude inside the ZIM keeps the same in space but 
vibrates in time [8], i.e. it has no wave front. Therefore there would be no change of successive distance between 
the wave fronts when there is a relative movement between the source and the observer. This new abnormal 
phenomenon is different from the inverse Doppler effect, which predicts a reversed frequency shift compared to 
what the normal Doppler effect expects.  
The zero index metamaterial is achieved based on a balanced composite right/left-handed transmission line 
(CRLH TL) loaded with parallel varactors. Each transmission line unit shows a passband (band gap) by applying 
high (low) level bias voltages. By changing the bias voltages from low level to high level in succession, a 
moving reflective interface can be built inside the transmission line and a relative movement between the source 
and the spectrum analyzer is realized as a result, shown in Fig. 1(a). 
 
II. THE CHARACTERISTICS OF THE RECONFIGURABLE TRANSMISSION LINE 
 
The CRLH TL unit is fabricated on the FR4 dielectric slab with relative permittivity 4.75, composed of two 
15 pF series capacitors, one 10 nH parallel inductor and a parallel NXP BB131 varactor, displayed in Fig. 1(b). 
The band gap will shut down with 15 pF series capacitance and 16 V bias voltages, meanwhile the transmission 
line turns to be balanced. The red curves in Fig. 1(c) represents the balanced dispersion whose relative 
permittivity and permeability are both near zero at the zero-index frequency 852 MHzZf = . Frequencies under 
Zf  are set in the left-handed passband while in the right-handed passband when beyond Zf . 
The capacitance of the varactor will vary within the bias voltage, leading to the variation of the dispersion 
line. A wideband gap would appear when turn off the bias voltage, as the dotted line in Fig. 1(d) shows. 
Therefore, By altering the bias voltages from 0 V (16 V) to 16 V (0 V) continuously and injecting the wave from 
the left (right) port, a (an) receding (approaching) reflective interface is formed and the Doppler effect in 
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Fig. 1. (a) Schematic of the system to realize the Doppler effect in the zero index metamaterials. The red line is the bias 
voltage level applied to the corresponding transmission line unit; (b) Schematic of the transmission line unit. ( 1, 2...14)iV i =  
are the bias voltages applied to the ith unit; (c) Dispersion lines of the transmission line with different series capacitors, 
applied 16 V bias voltage; (d) Measured 21| |S  of the transmission line under 0 V (dotted line) and 16 V (solid lines), 
loaded with different series capacitors. 
 
 
III. DESIGN OF THE DIGITAL SIGNAL CONTROLLER AND THE MEASURED DOPPLER EFFECTS 
 
The digital signal controller consists of a cascade of 14 edge-triggered JK flip-flops and 14 monostable 
multivibrators, shown in Fig. 2(a) (only two units are shown here for simplicity). As Fig. 2(b) displays, the 
negative going transition (NGT) of the clock signal enables the positive going transition (PGT) of the output Q  
under the condition that the trigger signal is at high level. The output Q  of the previous flip-flop is connected to 
the input K of the next flip-flop, which leads to that the delay time of each outputs’ PGT is controllable by the 
clock signal period τ . As a result, the moving velocity of the reflective interface can be dominated by the clock 
signal period as /sv d τ= , where d  is the length of the TL unit.  
The shortest period τ  available in our experiment is 200 ns, giving rise to the fastest velocity of the reflective 
interface 62 km/ssv = . The velocity is positive when the interface is receding from the source. Under this 
circumstance, the Doppler effect in the zero-index metamaterials is carried out, as Fig. 2(e) shows, accompanied 
with the normal and inverse Doppler effects in Fig. 2(d) and (f) separately. The strong reflection at the incident 
frequency on the spectrum is due to the impedance mismatch at the input port of the transmission line. wave is 
due to The incident frequency 700 MHz in Fig. 2(d) is set in the left-handed passband, the Doppler frequency is 
lower than the incident frequency when the interface is approaching the source, as the inverse Doppler effect 
predicts, while since 980 MHz is set in the right-handed passband, the Doppler effect indicates that the Doppler 
frequency would be higher than the operating frequency, as Fig. 2(f) shows, vice versa.  
Different from what normal and inverse Doppler effects describe, there is no extra peak (Doppler frequency) 
either when the interface is approaching or receding from the source if the incident frequency is the zero-index 
frequency, shown in Fig. 2(e). On the other words, there is no Doppler shift in the zero-index metamaterials. 
Owing to the unique characteristic of zero-index metamaterials that the amplitude of wave inside the ZIM keeps 
the same in the space, there would be no change of successive distance between the wave fronts no matter how 
the relative movement between the source and observer is, which is the causation of the Doppler effect in both 
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Fig. 2. (a) Schematic of two units of the digital signal controller; (b) Truth tables of the JK flip-flop (left) and monostable 
multivibrator (right); (c) Timing diagram of the main outputs in (a); Spectra of the reflected signals with incident frequency 
700 MHz (d), 852 MHz (e) and 980 MHz (f), when the moving velocity of the reflective interface are -62 km/s (left column) 




By choosing the proper incident frequency that exhibits a zero-index behavior inside the CRLH transmission 
line loaded with parallel varactors, the Doppler effect inside the ZIM is observed, accompanied with the normal 
and inverse Doppler effects. Contrasting to the two known Doppler effects, the wave in the ZIM exhibits an 
abnormal performance that there is no Doppler frequency in the wave reflected by the moving interface. This 
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